We evaluate the Météo-France global chemistry transport 3D model MOCAGE (MOdèle de Chimie Atmosphériqueà Grande Echelle) using the important set of aircraft measurements collected during the ICARRT/ITOP experiment. This experiment took place between US and Europe during summer 2004 (July 15-August 15). Four aircraft were involved in this experiment providing a wealth of chemical data in a large area including the North East of US and western Europe. The model outputs are compared to the following species of which concentration is measured by the aircraft: OH, H 2 O 2 , CO, NO, NO 2 , PAN, HNO 3 , isoprene, ethane, HCHO and O 3 . Moreover, to complete this evaluation at larger scale, we used also satellite data such as SCIAMACHY NO 2 and MOPITT CO. Interestingly, the comprehensive dataset allowed us to evaluate separately the model representation of emissions, transport and chemical processes. Using a daily emission source of biomass burning, we obtain a very good agreement for CO while the evaluation of NO 2 points out incertainties resulting from inaccurate ratio of emission factors of NO x /CO. Moreover, the chemical behavior of O 3 is satisfactory as discussed in the paper.
Introduction
Modeling constitutes an essential complement to filling gaps in temporal and spatial coverage of in situ and remote sensing measurements. Numerous studies have shown the capacity of global chemistry transport models (CTM) to reproduce the main characteristics of the atmospheric chemical composition [Bey et al., 2001; Wang et al., 1998; Horowitz et al., 2003] . These successes have led to the use of CTM for chemical forecast [Dufour et al., 2005] , satellite retrievals [Palmer et al., 2001] and climate predictions [Dentener et al., 2006] The MOCAGE (MOdèle de Chimie Atmosphériqueà Grande Echelle) model is a 3-D CTM which has been developped at the Centre National de Recherches Métérologiques (Météo-France). Among current CTMs, MOCAGE presents several specificities. First, it is a multi-scale model, covering scales from regional with a high resolution down to 0.1 • x 0.1 • to planetary with the resolution of 2 • x 2 • allowing the representation of small scale dynamic processes. Moreover, it combines tropospheric and stratospheric chemistry, which is important in e.g. ozone budget studies [Rivière et al., 2005] . Finally, it uses a very detailed tropospheric chemical scheme RACM (Regional Atmospheric Chemistry Mechanim) [Stockwell et al., 1997] . This makes MOCAGE a very attractive model allowing it to cover a wide range of scientific objectives, from the chemical data assimilation [Pradier et al., 2006 ] to the modeling of tropospheric chemistry at a regional scale [Dufour et al., 2003 ]. Canada. The number of species simultaneously measured, the frequency of sampling, together with the large area considered, make this campaign a very useful data base for the evaluation of models.
During this campaign, MOCAGE was used to provide chemical forecast and analysis to help defining the experimental aircraft flight plans.
We present in section 2 the model set-up and the data used for this model evaluation (section 3). The results from the MOCAGE (Version 1.0) simulation in the period of the ITOP experiment are presented in section 4. In that section we compare modeled and observed concentrations of ozone and related trace gases using aircraft in-situ measurements and satellite data from the intruments MOPITT (Measurement Of Pollution In The Troposphere) [Drummond and Mand, 1996] Absorption spectroMeter for Atmospheric CHartographY) [Bovensmann, H. et al., 1999] .
Finally, we conclude in section 5.
Model set-up
The MOCAGE model is a global 3-D CTM providing numerical simulations of the interactions between dynamical, physical and chemical processes in the troposphere and lower stratosphere. MOCAGE uses a semi-lagrangian gridpoint model [Josse et al., 2004] to transport the species. For our simulation we used the global grid with a horizontal resolution of 2 • x 2 • . MOCAGE includes 47 hybrid (σ, P) levels from the surface up to 5 hPa. The vertical resolution is 40 to 400 m in the boundary layer (7 levels) and about 800 m in the lower stratosphere and in the vicinity of the tropopause. The chemical scheme used is RACMOBUS, which combines the stratospheric scheme REPROBUS [Lefèvre et al., 1994] and the tropospheric scheme RACM [Stockwell et al., 1997] . RACMOBUS includes 119 individual species, among which 89 are prognostic variables, and considers 372 chemical reactions. Convective processes are simulated with the scheme of Bechtold et al.
[2001], and turbulent diffusion is calculated with the scheme of Louis [1979] . MOCAGE also parameterizes emissions and dry deposition [Michou and Peuch, 2002; Michou et al., 2005; Nho-Kim et al., 2004] , and scavenging. MOCAGE uses the emission inventory from Dentener et al. [2004 Dentener et al. [ , 2006 with a monthly or yearly resolution depending on the species.
However, because of numerous wildfire events that occurred over N. America during the ICARTT/ITOP campaign, we modified the emissions of several species using the daily US emission inventory of Pfister et al. [2005] . The source emissions are just injected from the surface. For more details concerning the sources inventories used in the model see in the atmosphere.
CO produced by incomplete combustion of hydrocarbons, plays a key role in tropospheric chemistry as ozone precursor. The chain mechanism [Jacob, 2000] production or destruction in the troposphere and thus play a key role in air quality. The principal sink of NO x is oxidation by HNO 3 . Because of its high solubility in water, HNO 3 is scavenged by precipitation in the troposphere.
PAN is produced in the troposphere by photochemical oxidation of carbonyl compounds in the presence of NO x . In turn, PAN can regenerate NO x by thermal decomposition.
The lifetime of PAN strongly depends on temperature, varying from 1 hour at 295 K to several months at 250 K. In the lower troposphere, NO x and PAN are near chemical equilibrium. However, in the middle and upper troposphere PAN is a reservoir for NO x . It can be transported over long distances and decomposed to release NO x far from its source.
The ICARTT/ITOP campaign provided in situ measurements of all these species. In addition, satellite data allow global observations of pollution.
The data
The measurements were made aboard several aircraft: FAAM BAE 146 from the Institute for Atmospheric Science (UK), DC-8 from the NASA Project Office (USA), P3 from the NOAA Aeronomy Laboratory (USA), and Falcon from the Institute of Atmospheric Physics (Germany) (see Table 2 ). MOZAIC (Measurement of OZone and water vapour by AIrbus in-service airCraft) data [Thouret et al., 1998; Nédélec et al., 2003] during the ITOP period are also used. We averaged the datasets over 1-min intervals and performed an on-line comparison to compare modeled and aircraft measurements. The observed and simulated concentrations obtained by this method were subsequently averaged over three regions ( availability of the aircraft data over the area. In order to evaluate our simulation at a larger scale, we also incorporated MOPITT CO retrievals and NO 2 tropospheric columns from SCIAMACHY.
MOPITT is a nadir Infra-Red correlation radiometer onboard the NASA Terra Satellite. It has a horizontal resolution of 22 kmx22 km and provides a global coverage in about 3 days. We used the Level 2 V3 MOPITT datasets, which consist of retrieved CO mixing ratios for 7 vertical levels in the atmosphere (surface, 850 hPa, 700 hPa, 500 hPa, 350 hPa, 250 hPa and 150 hPa). A detailed description of the MOPITT-CO retrievals, based on radiance inversion, is given in [Deeter et al., 2003] . The number of degrees of freedom in one profile, which characterizes the information content of the retrieval, is typically less than 2 [Deeter et al., 2004] . For the comparisons with the model results, we applied the MOPITT averaging kernels to make comparable the different data.
SCIAMACHY observes the upwelling radiation from the earth surface and the extraterrestrial solar radiance. It alternately measures in nadir and limb, covering the 220-2240 nm spectral region range with a resolution of 0.25 nm in the UV, 0.4 nm in the visible and less than 0.4 nm in the NIR. The typical size of the nadir ground-pixel for NO 2 is 30 km x 60 km. Its swath width is 960 km, providing a global coverage at the equator within 6 days. Here we used the NO 2 tropospheric column product. The retrieval approach used for NO 2 nadir measurements is based on the Differential Optical Absorption Spectroscopy (DOAS) method. Details on the data analysis can be found in Richter et al., [2005] .
Note that an on-line comparison was applied to compare MOPITT CO retrievals with MOCAGE CO simulations. In addition, comparisons of NO 2 columns between SCIA- 1997]: (1) aerosol scattering and absorption of UV radiation, and (2) reactive uptake of HO 2 , NO 2 and NO 3 . For example, Martin et al. [2003] showed that aerosols may decrease boundary layer OH concentrations by a factor 2 over northern Europe during summer and up to a factor 4 over biomass burning regions of North India. During the ITOP period, long range transport (LRT) events were precisely associated with high aerosol concentrations in pollution plumes [Real et al., 2006] . Results for H 2 O 2 over domain 3
show an underestimation of about 1000 pptv consistent with the higher oxidizing power of the atmosphere in the model. Over domain 3, the shape of the HCHO profile is quite well reproduced by the model.
Carbon Monoxide
There is a non-systematic weak underestimation outside the PBL probably resulting from too high OH concentrations that shorten the HCHO lifetime by oxidation reactions. Note that oxidation by OH radicals leads to a CO production which can be linked to the CO bias discussed previously. The high variability of observed values compared with the low variability of simulated values reflects these lifetime differences. Indeed, a longer lifetime allows a greater influence of LRT events on concentration profiles. Besides, we note for the observations a nearly constant value with altitude of the order 300 pptv above 5 km, which has been identified in previous studies as the signature of air masses originating from North America [Helan et al., 2003] Figure 10 [2003] studied the emissions from residual smoldering combustion (RSC) and concluded that correcting emission estimates by including RSC could decrease the NO emission factor (EF) by a factor 2. We found that our EF(NO x )/EF(CO) ratio is more than twice that recommended by Bertschi et al. [2003] , which could explain the discrepancies observed between SCIAMACHY measurements and MOCAGE simulation over wildfire areas. Finally, the NO 2 concentrations simulated over the Atlantic are very high compared to SCIAMACHY measurements. Note that Richter and Burrows [2002] have shown that most of the uncertainties in the derived tropospheric columns using DOAS method . 14) . Thus the upper troposphere NO bias is likely due to the fact that MOCAGE does not parameterize NO x production by lightning.
Over domain 2 and 3, the simulated NO concentrations are consistent with measurements in the low and mid-troposphere. The slight divergence observed in the upper troposphere is probably also linked to NO production by lightning but is smaller than over domain 1. Concerning PAN concentrations (Fig. 15) , the model overestimates observed concentrations by about 500 pptv throughout the troposphere over domain 1. These discrepancies remain within the range of observations in the PBL, where the concentrations are essentially influenced by surface NO x emissions. Above 2 km, the bias probably results from too high NO x emission rates over the wildfire areas as pointed out previously, and the subsequent excess of PAN production. Over domain 3, the overestimation is quite similar to that observed over domain 1, except in the lower troposphere where PAN decomposition takes place. The model reproduces both the peak at 6 km and the high variability in mid-troposphere linked to LRT events. Over domain 2, simulated PAN concentrations are consistent with observations at 1 km. However, above 1 km, a systematic bias quite similar to that found over domains 1 and 3 is observed, suggesting the influence of intercontinental transport of pollution. Note that the discrepancies observed near the ground can be due to a representativeness error owing to the very few data available.
For HNO 3 (Fig. 16) , simulated concentrations are similar to observed concentrations over domain 1. As expected, the HNO 3 profile is correlated with the NO 2 profile as HNO 3 is produced in the troposphere by oxidation of NO 2 . For domain 3, observed concentrations are overestimated by the model in the lower troposphere (from 0 to 3 km) up D R A F T May 31, 2006, 10:12pm D R A F T to a factor 8 close to the surface. These strong discrepancies have already been mentioned in previous model evaluations [Horowitz et al., 2003] and might be linked to the wet deposition parameterization and inaccurate rain fluxes in the meteorological analyses.
In addition, the underestimation of the marine boundary layer cloud cover in ARPEGE analyses may also induce a slower wet deposition near the surface. Moreover, the high OH level simulated in the model and the presence of relatively high NO 2 concentrations could lead to significant production of HNO 3 . Above 2 km, observed HNO 3 concentrations are relatively well reproduced by the model except in the upper troposphere where cloud scavenging is probably underestimated.
In order to better understand the chemical processes involved during the transport of polluted air masses, it is useful to consider the NO y family (NO y = NO + NO 2 + PAN + HNO 3 ). Figure 17 shows NO y profiles comparisons between observations and simulations. Over domain 1, the shape of the profile is relatively well reproduced. The Figure 18 presents the NO y partitioning over domain 1 and 3 for both the simulation and the observations. Over domain 1, the global partitioning is quite similar in the model results and the observations. In particular, in the lower troposphere, the contribution of PAN rapidly increases with the altitude while HNO 3 contribution decreases. We also ob- to the thermal decomposition of PAN. The contribution of NO 2 over domain 3 for the observations is higher than model results, which probably reflects differences in air masses reactivity resulting from differences in OH concentrations. Several studies have shown relatively robust correlations between O 3 and NO y [Helan et al., 2003] . We thus calculated ∆O 3 / ∆NO y ratios, where ∆ represents the difference between modeled and observed concentrations. Over domain 1, we found a ∆O 3 / ∆NO y ratio of about 10 below 2 km and about 33 between 2 and 3 km altitude. These values are in good agreement with those reported in the litterature for this area [Helan et al., 2003] .
Ozone
Over domain 3, we established a ∆O 3 / ∆NO y ratio of about 50 in the mid-troposphere, which corresponds to the values reported in Helan et al. [2001] for marine environment. Stockwell et al., [1997] for the acronyms 
